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Abstract
Plants constantly perceive internal and external cues, many of which they
need to address to safeguard their proper development and survival. They
respond to these cues by selective activation of specific metabolic pathways
involving a plethora of molecular players that act and interact in complex
networks. In this review, we illustrate and discuss the complexity in the
combinatorial control of plant specialized metabolism. We hereby go be-
yond the intuitive concept of combinatorial control as exerted by modular-
acting complexes of transcription factors that govern expression of special-
ized metabolism genes.To extend this discussion, we also consider all known
hierarchical levels of regulation of plant specialized metabolism and their
interfaces by referring to reported regulatory concepts from the plant field.
Finally, we speculate on possible yet-to-be-discovered regulatory principles
of plant specialized metabolism that are inspired by knowledge from other
kingdoms of life and areas of biological research.
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1. GENERAL PRINCIPLES OF SPECIALIZED METABOLISM EXPLAIN
THE EVOLUTION OF COMBINATORIAL CONTROL
Plants are known for their ability to synthesize an infinite array of small organic molecules, which
are conventionally grouped into two categories: primary and specialized metabolites. Primary
metabolites are a broad group of compounds, found in all plant species, that are substrates and
products of fundamental metabolic processes and that are essential to maintain basic cellular func-
tions and homeostasis.During plant evolution, primarymetabolites were recruited into newly aris-
ing metabolic pathways, becoming substrates for new reactions by new enzymes. These enzymes
were typically the result of duplication and neofunctionalization of primary enzymes, thereby
branching off the previously established pathway and leading to the synthesis of new compounds
with novel functions, activities, and/or chemical properties. Compounds belonging to this hetero-
geneous group of metabolites were initially called secondary metabolites, as they were thought to
be dispensable for plant development. More recently, however, these compounds were renamed
specialized metabolites, as they were recognized as having specialized functions; being specific to
certain groups of cells, organs, species, or taxa; and/or being synthesized in response to specific
stimuli.
The study of plant evolution underscores the importance of specialized metabolism (Banks
et al. 2011). For instance, cutin and phenolic compounds allowed early algal forms to adapt to ter-
restrial life by protecting plant cells from ultraviolet (UV) light and desiccation (Goiris et al. 2014).
Ancestral phenolic metabolism represented a critical step toward the evolution of lignin, one of
the most abundant biopolymers on Earth, which allowed plants to grow in size, withstand gravity,
develop vascular tissues for the systemic movement of water, and deal with attackers (Lei 2017,
Renault et al. 2017, Weng et al. 2012). Likewise, the ability to synthesize pigments and volatiles
conferred evolutionary advantages by attracting pollinators or rewarding animals that feed on
fruits and disperse seeds (Borghi et al. 2017). The plant kingdom would not have such astonishing
phenotypic diversity without specializedmetabolism. It has become clear that primary and special-
ized metabolites are equally vital in enabling plants to survive, grow, and reproduce within chang-
ing natural environments.Accordingly, the boundary between primary and specializedmetabolism
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is becoming increasingly blurred, given that several specialized metabolites have been found to
function as signaling molecules [e.g., the Arabidopsis thalianin triterpenes (Huang et al. 2019)] or
storage compounds [e.g., the Sorghum cyanogenic glucoside dhurrin (Møller 2010)]. Likewise, es-
sential and ubiquitous plant hormones such as abscisic acid and strigolactones are derived from
specialized metabolism pathways (Nambara & Marion-Poll 2005, Ruyter-Spira et al. 2013).
These evolutionary factors reflect two basic concepts that are critical to recognizing the
importance of the evolution of the combinatorial control mechanisms that are able to steer plant
metabolism. First, almost all specialized metabolites are derived from primary metabolism. This
implies an innate connection between these two categories of metabolism, which share the same
resources and promote the same outcome: maximizing plant fitness. To maximize fitness and to
efficiently allocate carbon usage along specific metabolic pathways, plants developed elaborate
regulatory networks that modulate metabolism at any hierarchical level by controlling elemen-
tary cellular processes such as chromatin organization, transcription, translation, and allosteric
control of the resulting enzymes and regulators. Activation of the adequate metabolic response
and appropriate spatial and temporal allocation of the metabolites are required to safeguard
proper development and survival in different environmental conditions and involve a plethora
of molecular players that act and interact in complex networks. Second, considering the tight
linkages between different metabolic pathways, a recurrent theme is the cost-benefit paradigm:
Are primary and specialized metabolism trading off resources between growth and defense? Or
conversely, are they instead two essential aspects of the same developmental program? Indeed, one
could consider it quite counterproductive to keep producing fresh, tasty, and carbohydrate-rich
tissues when faced with attack by an army of hungry herbivores. Studies in Arabidopsis revealed
that forcedly activating defense programs led to stunted plants that produced fewer seeds (Guo
et al. 2018b). Conversely, plants that were unable to trigger synthesis of defense compounds were
more susceptible to pathogen attacks and had reduced fitness (Nawrath & Métraux 1999, Rowe
et al. 2010, Staswick et al. 1998).
A broader ecological perspective can help to solve the cost-benefit paradigm, which is linked
to specialized metabolism when considering growth and fitness not only as an increase in plant
biomass but also as reproductive performance and the survival of progeny. Hence, rather than be-
ing a cost, the synthesis of specializedmetabolites could be considered an investment that becomes
a cost only if it does not pay back in terms of increased fitness or likelihood of successful repro-
duction. To maximize fitness and investment return, plants developed two major lines of defense:
constitutive and inducible. Constitutive chemical defenses, also called phytoanticipins, comprise
the specialized metabolites that are constantly present in plant tissues. Examples are polymers,
such as lignin, cuticle, and suberin, that are synthesized independently starting from perception of
a threat and that permeate the cell wall or cover the epidermis, acting as a physical barrier against
pathogens and abiotic stresses (Mutuku et al. 2019). Other constitutive defense compounds,
such as glucosinolates or benzoxazinoids, are toxic to most organisms and typically are stored as
inactive phytoanticipins, for instance in the vacuole, to avoid self-toxicity (Andréasson et al. 2001,
Burow et al. 2006, Park et al. 2004). Upon cell disruption caused by herbivore or pathogen attack,
the inactive molecules come into contact with activating enzymes, only then exposing the actual
toxic moiety (Wittstock & Gershenzon 2002). These mechanisms make plants able to readily
respond to threats without the downtime linked to de novo synthesis. Inducible chemical defenses,
also called phytoalexins, are products of metabolic pathways that are specifically activated only in
response to a stimulus, thus leaving the growing plant mostly unprotected until there is a threat.
The molecular cues that lead to phytoalexin production are generally known as elicitors, and they
can be either exogenously derived, such as breakdown products of fungal cell walls or specific
bacterial proteins, or endogenously produced, such as pectin-derived oligosaccharides or oxylipins
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Figure 1
Specialized metabolism networks. Conceptual representation of combinatorial control in specialized
metabolism integrating endogenous and exogenous inputs (transduced via receptors), cellular processes
(regulatory or structural), and outputs, which ultimately determine plant fitness.
released from cell walls or membranes, respectively (Davidsson et al. 2017, Deboever et al. 2020,
Wasternack & Feussner 2018). Upon elicitor perception, different signal transduction and ampli-
fication waves are launched to activate defense responses, which can be restricted to the infection
site or spread systemically (Boccardo et al. 2019, Gao et al. 2015, Lam et al. 2001). Among the
many molecular signals involved in immune responses, the phytohormones salicylic acid (SA)
and jasmonic acid, or jasmonate, ( JA) are considered to play central roles (Betsuyaku et al. 2018).
Jasmonates are particularly renowned activators of specialized metabolic pathways (Chen et al.
2019b, Colinas & Goossens 2018, De Geyter et al. 2012, Shoji 2019,Wasternack & Strnad 2019).
The Latin saying “est modus in rebus” (“everything in proportion”) appears applicable to the
signaling networks that orchestrate these constantly evolving metabolic networks, in which in-
tersecting signals and the ratio between the distinct inputs determine the metabolic responses.
In this review, we aim to tackle the complexity in the regulation of specialized metabolism as the
result of the combinatorial control of the three main elements of these networks: the inputs (from
both endogenous and exogenous signals), the processes (pathways and regulators), and the outputs
(metabolites and fitness phenotypes) (Figure 1). Thereby, we go beyond one of the most com-
monly acknowledged concepts of combinatorial control, i.e., the combinatorial transcriptional
control of gene expression, to cover other possible molecular and cellular processes that moderate
plant metabolism.
2. COMBINATORIAL CONTROL INVOLVES THE INTEGRATION
OF MULTIPLE MOLECULAR SIGNALS TRIGGERED BY
DEVELOPMENTAL AND ENVIRONMENTAL INPUTS
To maximize fitness, plants need to constantly sense their environment, integrate this informa-
tion with their nutritional status, and take appropriate developmental and metabolic actions.
Given the importance of JAs in the regulation of plant specialized metabolism, we exemplify
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combinatorial control of specialized metabolism as a result of the integration of distinct devel-
opmental and environmental inputs using these oxylipin-derived phytohormones as the focal
point. Of special note here is that each plant species has typically evolved distinct and specific
JA-controlled metabolic pathways, yet they involve orthologous regulatory machineries, thereby
exhibiting how evolution efficiently managed to exploit a highly conserved hormonal signaling
cascade to drive species-specific cellular and metabolic networks (De Geyter et al. 2012, Shoji
2019, Wasternack & Strnad 2019). Obviously, JA action involves intersection with several other
signaling cascades that are modulated by other phytohormones or factors such as the internal
clock, light, reactive oxygen species (ROS), calcium, or sugars. For more comprehensive overviews
of the intersections between JA and other signaling cascades, as well as of the roles of JAs in
developmental processes, we refer readers to other reviews (Foyer & Shigeoka 2011, Huang et al.
2017, Karapetyan & Dong 2018, Rosa et al. 2009, Wang et al. 2019b, Wasternack & Feussner
2018, Yang et al. 2019, Zhu 2016).
Anthocyanin biosynthesis, one of the most conserved and characterized plant specialized
metabolic pathways, serves excellently to illustrate the complexity that combinatorial control of
metabolic pathways by distinct environmental and developmental cues can attain (Figure 2a). In
this case, JA and other signaling cascades intersect through molecular machineries that influence
gene expression, protein stability, and epigenetic marks (Brkljacic & Grotewold 2017). Antho-
cyanins are water-soluble phenolic compounds belonging to the flavonoid family and are most
renowned for their antioxidant and pigment properties (Cheynier et al. 2013, Grotewold 2006).
Anthocyanins can differentially accumulate in response to a variety of input signals, including su-
crose, hormones, oxidative stress, light, drought, and nutrients (Das et al. 2012, Li et al. 2016,
Nakabayashi et al. 2014, Qi et al. 2011, Rubin et al. 2009, Solfanelli et al. 2006). Anthocyanin
biosynthesis involves numerous enzymatic reactions. Early biosynthetic genes (EBGs) code for
enzymes necessary to synthesize precursors common to all flavonoids or other phenolics, while
late biosynthetic genes (LBGs) are involved in enzymatic reactions that are specifically committed
toward anthocyanin biosynthesis.
In Arabidopsis and most other vascular plants, expression of LBGs is controlled by a conserved
ternary MBW complex composed of R2R3-MYB and basic helix-loop-helix (bHLH) transcrip-
tion factors (TFs) and a WD40 protein (Lloyd et al. 2017, Xu et al. 2015). R2R3-MYB and
bHLH belong to large TF families involved in regulatory networks that govern many aspects of
plant development, metabolism, and stress responses (Chezem&Clay 2016,Goossens et al. 2017,
Zhou & Memelink 2016); WD40 proteins act as molecular scaffolds mediating supramolecular
interactions (Mishra et al. 2012). The modularity of multimeric activator complexes such as the
MBW is crucial to instigating resilient, yet highly tunable, transcriptional control. In Arabidop-
sis, R2R3-MYBs from various clades are involved in MBW complex formation (Borevitz et al.
2000, Gonzalez et al. 2008, Lloyd et al. 2017, Xu et al. 2015), whereas only bHLHs of clade IIIf
are known to participate in this complex (Bernhardt et al. 2003, Nesi et al. 2000). Different MBW
combinations can specify the type of anthocyanin produced by determining which enzymatic steps
are predominantly activated or by directing the spatiotemporal regulation of target gene expres-
sion (Lloyd et al. 2017). Generally, the MBW R2R3-MYBs play a pivotal role confined to the
regulation of the anthocyanin pathway, whereas the bHLHs are also involved in other regulatory
processes but contribute to that of the MBW by defining preferential spatiotemporal expression
patterns.
The best-studied R2R3-MYB that takes part in an MBW complex is Arabidopsis PRODUC-
TION OF ANTHOCYANIN PIGMENT 1 (PAP1/MYB75). MYB75 expression is responsive
to a number of abiotic factors and internal cues (Bhargava et al. 2010). Among these cues, light-
mediated regulation has been extensively characterized at the transcriptional and posttranslational
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Figure 2
Combinatorial control of anthocyanin biosynthesis. (a) Integration of endogenous and exogenous stimuli and their impact on
transcriptional and translational networks influencing the assembly and abundance of the MBW activator/repressor complexes
controlling expression of LBGs for anthocyanin production. Arrows and bar-headed lines show activating and inhibiting interactions,
respectively, at the protein and transcript levels. Red and black lines represent protein–protein and protein–DNA interactions,
respectively. (b) Under inductive conditions, DELLAs sequester SPL, JAZ, and R3MYB repressors of anthocyanin production, allowing
the MBW activator complex to drive expression of LBGs. (c) GA-induced degradation of DELLA releases JAZ repressors interfering
with components of the MBW activator complex. (d,e) Inhibition of anthocyanin biosynthesis by (d) HAT1 via R2R3-MYB
sequestration or (e) histone deacetylation through TPL-mediated recruitment of HDAC. Other exogenous stimuli such as temperature,
drought, and salinity also modulate anthocyanin accumulation, but for reasons of clarity and because the molecular mechanisms behind
these factors are as yet unclear, they have not been included in the figure. Abbreviations: AC, acetyl; bHLH, basic helix-loop-helix; CK,
cytokinin; EBG, early biosynthetic gene; GA, gibberellin; HAT1, HD-Zip protein; HDAC, histone deacetylase; JA, jasmonate; JAZ,
JA-ZIM domain; LBG, late biosynthetic gene; MBW, R2R3-MYB with bHLH transcription factors and WD40 protein; SPL,
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE protein; TPL, TOPLESS corepressor protein.
1.6 Lacchini • Goossens
, .•·�- Review in Advance first posted on June 19, 2020. (Changes may still 
occur before final publication.)
A
nn
u.
 R
ev
. C
el
l D
ev
. B
io
l. 
20
20
.3
6.
 D
ow
nl
oa
de
d 
fro
m
 w
w
w
.an
nu
al
re
vi
ew
s.o
rg
 
A
cc
es
s p
ro
vi
de
d 
by
 7
8.
20
.1
16
.5
1 
on
 0
6/
23
/2
0.
 F
or
 p
er
so
na
l u
se
 o
nl
y.
 
CB36CH01_Goossens ARjats.cls June 10, 2020 11:35
levels. In the dark, mere (over)expression of MYB75 is not sufficient to prompt anthocyanin
accumulation, because the MYB75 protein is targeted for degradation by the E3 ubiquitin ligase
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), a negative regulator of photomor-
phogenesis (Maier et al. 2013). When plants are exposed to light, COP1 is excluded from the
nucleus, while MYB75 stability is further increased via phosphorylation by the light-responsive
kinaseMPK4, thereby mediating light-induced anthocyanin accumulation (Li et al. 2016).On top
of this regulatory machinery sits ELONGATEDHYPOCOTYL5 (HY5), the basic leucine zipper
(bZIP) TF that acts in the transcriptional networks that promote photomorphogenesis. HY5 can
directly bind around 3,000 genes in the Arabidopsis genome (Zhang et al. 2011a) and physically in-
teracts with a large number of signaling components of different processes. Timing and dynamics
for many of these interactions are still uncharacterized, but the link between HY5-COP1 and the
MBW complex has been unraveled. During the day, HY5 accumulates in the nucleus and directly
activates COP1 andMYB75 expression. In turn, COP1 targets MYB75 and HY5 for proteasomal
degradation (Hardtke et al. 2000,Maier et al. 2013). This regulatory loop is further fine-tuned by
light-mediated phosphorylation that divides the pool of HY5 proteins into two isoforms (Hardtke
et al. 2000). The nonphosphorylated form predominantly accumulates during the day and is
physiologically more active owing to a stronger affinity for target gene promoters, but this form is
also the preferred target for COP1-mediated degradation. Conversely, in the dark, HY5 is mainly
present in the phosphorylated form that is transcriptionally less active but is also less susceptible
to COP1-mediated degradation (Hardtke et al. 2000). These cases illustrate how one signal can
exert combinatorial transcriptional control of pathway genes through concurrently modulating
protein–protein interactions, protein modifications, protein activities, and protein stabilities.
Modulation of protein–protein interactions is key in the activity of the MBW complex. The
modularity in the regulatory MBW complexes seems infinite, illustrated by possible interference
with three other protein sets. First, a different clade ofMYBTFs, small R3-MYBs such asMYBL2,
which possess a single R3 domain and lack the putative activation domain, can turn the MBW
complex from activator to repressor by interacting with different bHLHs, which disrupts MBW
complex assembly and/or binding to DNA (Dubos et al. 2008, Jeong et al. 2010, Lloyd et al. 2017,
Xu et al. 2015). Notably,MYBL2 and genes encoding activating MBW proteins, such asMYB75,
show opposite expression patterns following exposure to light, sucrose, or ethylene, which confers
additional responsiveness on components of the anthocyanin pathway ( Jeong et al. 2010).A second
layer of modularity is achieved via interactions betweenMBWTFs and the JA-ZIM domain ( JAZ)
repressor proteins.The JAZs are key elements in the canonical JA signaling pathway, in which they
act as negative regulators (Chini et al. 2016,Goossens et al. 2017,Wasternack& Song 2017). In the
absence of bioactive JAs, JAZ proteins are able to interact with both the R2R3-MYBs and the ( JA-
inducible) bHLH TFs of the MBW complex, thereby inhibiting MBW complex assembly and its
transcriptional activity.Upon JA perception, the JAZ proteins are targeted for proteolysis, allowing
the assembly and release of the MBW complex to activate JA-induced anthocyanin biosynthesis
(Qi et al. 2011). In addition, the phytohormone gibberellin (GA) can interfere with the modularity
of the MBW complex through yet another set of proteins, the DELLAs, key repressors of GA
signaling (Figure 2b,c). The DELLAs can promote anthocyanin biosynthesis via their capacity
to interact with and thereby sequester the MYBL2 and JAZ proteins (Xie et al. 2016). A third
layer is conferred by the miR156-targeted SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE (SPL) proteins, which are known to have important roles in regulating phase transition and
flowering. Increased miR156 activity promotes accumulation of anthocyanins through repressing
the expression of several SPL proteins, thereby destabilizing the MBW complex. miR156 can be
induced during phosphate starvation and thereby puts the anthocyanin pathway under the control
of another nutrient-signaling cascade (Gou et al. 2011, Lei et al. 2016).
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An additional recently revealed set of protein–protein interactions linked to the MBW has
introduced yet another layer of regulation involving the establishment of epigenetic marks (Zheng
et al. 2019). In noninductive conditions, such as low light or sugar depletion, the class II HD-Zip
protein HAT1 can bind to MYB75 and thereby block MBW formation (Figure 2d). HAT1 can
also recruit the corepressor protein TOPLESS (TPL) and thereby mediate epigenetic silencing of
LBGs by histone deacetylation (Figure 2e). The ongoing elucidation of the anthocyanin pathway
regulatory circuits likely has disclosed thus far only a glimpse of how the control of specialized
metabolism involves intersecting signaling cascades modulated by developmental, environmental,
and (primary) metabolic inputs. In Sections 3–5, we describe the major molecular mechanisms
behind the combinatorial control of metabolic programs.
3. REGULATION OF GENE EXPRESSION BY CONSERVED CIRCUITS
OF RECEPTORS AND TRANSCRIPTIONAL REGULATORS: THE
IMPORTANCE OF PROTEIN–PROTEIN INTERACTIONS
AND HIERARCHICAL LEVELS
Control of specialized metabolic pathways is predominantly exerted at the transcriptional level
through multimeric TF complexes, which can be assembled or disassembled in a versatile man-
ner and have variable compositions, resulting in different activities (activation versus repression),
enabling spatiotemporal control of the biosynthetic pathway, and providing on/off switches for
distinct (intersecting) signaling inputs. Phytohormones are known to be essential drivers in the
assembly of such complexes, and despite the wealth of processes they regulate, striking similari-
ties can be found in the molecular compositions of the regulatory circuits governing their actions.
The components of the JA response, which depends heavily on the modulation of transcriptional
activities very early in the signaling cascade, are excellent examples of the assembly of protein
complexes in the regulatory circuits of specialized metabolism. In a simplified model, the three
main components of the canonical signaling cascademodulated by JAs are (a) hormone-responsive
activating TFs, (b) repressor proteins that bind these TFs under noninductive conditions, and
(c) a receptor that mediates the degradation of these repressor proteins upon hormone perception
(Cuéllar Pérez & Goossens 2013, Larrieu & Vernoux 2015). In JA signaling, the JAZ proteins
act as repressors of the JA-responsive TFs and participate in the assembly of the JA receptor
complex (Chini et al. 2007, 2016; Goossens et al. 2016, 2017; Thines et al. 2007; Wasternack &
Song 2017). In the presence of the bioactive form of JA, JA-isoleucine, JAZ proteins, and the F-
box protein CORONATINE INSENSITIVE 1 (COI1) assemble into the SKP-Cullin-F-BOX
(SCF) E3 ubiquitin ligase receptor complex SCFCOI1 that mediates ubiquitination and proteoso-
mal degradation of the JAZ proteins. Subsequently, inhibition of JA-responsive TFs is relieved,
allowing their interaction with other proteins, such as MED25, a subunit of the mediator com-
plex, and LEUNIG_HOMOLOG (LUH), which in turn allows recruitment of RNA polymerase
II and HISTONE ACETYLTRANSFERASE1 (HAC1) to activate expression of JA-responsive
genes (An et al. 2017, Wang et al. 2019a, You et al. 2019, Zhai & Li 2019, Zhang et al. 2015).
Conversely, in the absence of bioactive JAs, the JAZs bind the TFs and adaptor proteins, such as
NINJA (Pauwels et al. 2010) or EAR motif–containing adaptor protein (ECAP) (Li et al. 2020),
that mediate the interaction with the corepressor protein TPL known to recruit histone deacety-
lases and inhibit expression of JA-responsive loci (Causier et al. 2012). This mechanism provides
a link between transcription and epigenetic marks in the regulation of gene expression.
Renowned transcriptional activators in the JA response are the clade IIIe bHLH TFs such
as MYC2, which play a conserved role in the response to JA and other oxylipins across the plant
kingdom, including, but not limited to, the elicitation of specialized metabolism (Chini et al. 2016,
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Du et al. 2017, Goossens et al. 2017, Kazan & Manners 2013, Peñuelas et al. 2019). The ability
of MYC2 isoforms to homo- and heterodimerize, together with slight differences in their DNA-
binding affinities and expression patterns (Fernández-Calvo et al. 2011), provides a means to fine-
tune the JA response with cellular resolution. The importance of this regulatory hub is confirmed
by the presence of MYC2 homologs in the genomes of all land plants, including the liverwort
Marchantia polymorpha, a plant belonging to an early diverging lineage of land plants (Bai et al.
2011, Peñuelas et al. 2019). Yet, intriguingly, the metabolic output these TFs control is species spe-
cific. For instance, MYC2 TFs regulate biosynthesis of glucosinolates and sesquiterpenes in Ara-
bidopsis (Hong et al. 2012, Schweizer et al. 2018, Zhang et al. 2011b), monoterpenes and steroidal
glycoalkaloids (SGAs) in tomato (Cárdenas et al. 2016, Xu et al. 2018), terpene indole alkaloids
(TIAs) in Catharanthus (Schweizer et al. 2018, Zhang et al. 2011b), pyridine alkaloids in Nicotiana
(Shoji & Hashimoto 2011), and sesquiterpenes in Artemisia annua andMarchantia (Peñuelas et al.
2019, Shen et al. 2016). In several cases,MYC2TFs exert their control of gene expression directly,
by binding and trans-activating promoters of genes encoding pathway enzymes. In many cases,
this also involves a synergistic interaction with other TFs, such as APETALA2/ETHYLENE
RESPONSE FACTOR (AP2/ERF) TFs in the regulation of alkaloid biosynthesis in tobacco,
tomato, and Catharanthus, which bind the same promoters but at different cis-elements than do
MYC2s (Cárdenas et al. 2016, De Boer et al. 2011, Schweizer et al. 2018, Shoji & Hashimoto
2011, Todd et al. 2010). In nearly all cases, however, MYC2-mediated control of metabolic path-
ways involves other TFs, whose expression is directly controlled by the MYC2s, such as the
bHLH IRIDOID SYNTHESIS (BIS) TFs that regulate the monoterpene branch of the TIA
pathway in Catharanthus (Schweizer et al. 2018; Van Moerkercke et al. 2015, 2016), as well as
the OCTADECANOID-DERIVATIVE RESPONSIVE CATHARANTHUS AP2-DOMAIN
(ORCA) TFs that act synergistically withMYC2s to transactivate other branches of the TIA path-
way. Together, these additive, synergistic, and hierarchical TF interactions constitute the famous
amplification loop that allows plants to boost their defense responses, including the elicitation of
bioactive specialized metabolite biosynthesis (De Geyter et al. 2012, Howe et al. 2018).
Cis-regulatory elements play vital roles in the orchestrated expression of genes encoding en-
zymes from a particular pathway that are typically scattered across the genome.During evolution,
gene neofunctionalization has led not only to new enzyme functions but also to novel spatiotem-
poral expression patterns through the acquisition of cognate cis-regulatory elements in their pro-
moters, allowing coordinated regulation of enzyme-encoding genes as a novel unit by the same
trans-acting TFs. Indeed, the evolution of such cis-regulatory elements represents a convenient
way to coopt genes into regulons more swiftly and with fewer functional constraints than occurs
during the evolution of new DNA-binding proteins (Kajikawa et al. 2017).
This evolutionary principle can explain how conserved regulatory modules, for instance within
JA signaling cascades, can activate distinct, species-specific metabolic pathways. This is nicely il-
lustrated by the reciprocal ectopic expression of orthologous JA-inducible Catharanthus andMed-
icago truncatula bHLHTFs controlling TIA and triterpenoid saponins, respectively (Mertens et al.
2016a,b; Van Moerkercke et al. 2015). Overexpression of the Catharanthus BIS1 gene in Med-
icago hairy roots leads to an increased accumulation of triterpene saponins. Conversely,Medicago
TRITERPENE SAPONINACTIVATINGREGULATORTFs induce the upregulation of TIA
genes when transiently overexpressed in Catharanthus (Mertens et al. 2016b).
The importance of regulatory DNA sequences controlling gene expression is not limited to
those in proximal gene promoters. For instance, enhancers are distal cis-regulatory elements that
can modulate transcription independently of their distance from the target gene. In Arabidopsis,
MED25, already known to cooperate with MYC2 TFs to activate transcription of JA-responsive
genes, was recently found to facilitate JA-dependent chromatin looping, bringing remote
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enhancers in close proximity to their target promoters and mediating distinct regulation of early
and late JA responses (Wang et al. 2019a).
Amplification loops in JA signaling are not the only factor, however. Indeed, many conserved
negative feedback loops with equally important roles have evolved as well. For instance, theMYC2
TFs positively control not only their own expression but also that of the JAZ genes (Pauwels &
Goossens 2011, Pauwels et al. 2009). Furthermore, MYC2 TFs directly regulate expression of
the JASMONATE-ASSOCIATED MYC2-LIKE and the homologous MYC2-TARGETED bHLH
genes in Arabidopsis (Sasaki-Sekimoto et al. 2013) and tomato (Liu et al. 2019), respectively. These
bHLH TFs impair the formation of the MYC2/MED25 transcriptional activator complex and
competitively bind MYC2 targets, preventing transcription of JA-responsive genes (Liu et al.
2019). These autoregulatory negative feedback loops ensure that the system promptly terminates
the JA response when it becomes obsolete (Wasternack 2019). Accordingly, designing and over-
expressing feedback-free MYC2 TFs, which can no longer be bound by JAZ proteins, proved to
be an excellent metabolic engineering tool (Goossens et al. 2015, Schweizer et al. 2018). Finally,
MED25 was recently shown to directly interact with the splicing factors PRP39a and PRP40a
to mediate correct splicing of JAZ transcripts (Wu et al. 2020). Interestingly, as another negative
feedback loop, JA induces expression of dominant JAZ splice variants that lack the canonical Jas
domain and thereby can desensitize JA signaling. Therefore, the MED25–PRP39a/40a module
safeguards the balance between canonical and noncanonical JAZ variants and prevents excessive
desensitization of JA signaling. Once again, “est modus in rebus.” How this balance is sensed and
achieved is an outstanding question of great interest for future research.
4. REGULATION OF SPECIALIZED METABOLISM BY ORGANIZATION
IN GENE CLUSTERS AND MODIFICATION OF CHROMATIN
STRUCTURE
One of the major challenges in understanding the biology of multicellular organisms is that of de-
termining how regulatory networks orchestrate metabolic pathways consisting of multiple genes
that are typically scattered across the genome. To fully appreciate this challenge, one should look
at the tree of life (Figure 3). In prokaryotes, about 50% of all genes are organized in operons
(Nützmann et al. 2018) (Figure 3a), which are clusters of coregulated genes that can be nonho-
mologous but are functionally related and are located close to each other in the genome. They are
usually controlled by a single promoter and transcribed as a single polycistronic mRNA. The first
bacterial operons discovered were related to primary metabolism (Nützmann et al. 2018), with
the classical example being the lac operon of Escherichia coli. In the absence of glucose, lactose acts
as a signaling molecule that induces the expression of the lac operon genes encoding the trans-
porters, regulators, and enzymes needed to metabolize lactose as an energy source (Shapiro et al.
1969). Biosynthetic gene clusters (BGCs) are also a hallmark of specialized metabolism in many
fungi (Figure 3b) (Keller 2019) and several prokaryotes, particularly Actinomycetes (Bibb 2005,
Hoskisson & Fernández-Martínez 2018). In these cases, genes encoding enzymes, regulators, and
self-resistance proteins such as transporters are physically clustered to ensure tight transcriptional
and epigenetic regulation. Unlike bacterial operons, genes in fungal BGCs are not controlled by
a single promoter but are individually transcribed.
In plants, however, genes involved in the biosynthesis of a particular class of metabolites are
typically scattered across the genome (Figure 3c). Nonetheless, plant BGCs have also been dis-
covered (Nützmann et al. 2018), for instance, for SGA in tomato (Figure 3d) and potato (Itkin
et al. 2013); for polyketides in wheat and barley (Hen-Avivi et al. 2016); for benzoxazinoids in
maize (Dutartre et al. 2012); for triterpenes in oat (Mugford et al. 2013), cucurbits (Zhou et al.
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Enzyme
Transporter
Regulator
a bBacterial operon Fungal biosynthetic gene cluster
Aspergillus fumigatus 
gliotoxin biosynthesis
5 kb 25 kb
Escherichia coli
lac operon
Bacterial
chromosome
Eukaryotic
chromosomes
d Plant biosynthetic gene cluster
Solanum lycopersicum
steroidal glycoalkaloid
regulatory cluster
S. lycopersicum
steroidal glycoalkaloid
enzyme clusters
235 kb
20 kb
104 kb
Eukaryotic
chromosomes
c Plant nonclustered
SM genes
Medicago truncatula general 
coregulation model of triterpene 
pathway genes scattered on 
chromosomes by a central regulator
Figure 3
Schematic representation of gene clustering in bacteria, fungi, and plants. (a) Escherichia coli lac operon. (b) Aspergillus fumigatus
biosynthetic gene cluster controlling gliotoxin biosynthesis. (c) Tomato (Solanum lycopersicum) GAME transcription factor (left) and
GAME enzyme (right) clusters regulating steroidal glycoalkaloid biosynthesis. (d) Example of coregulation of nonclustered triterpene
biosynthesis pathway genes inMedicago truncatula by TSAR transcription factors. White bars represent eukaryotic chromosomes.
Abbreviations: GAME, GLYCOALKALOID METABOLISM; SM, specialized metabolism; TSAR, triterpene saponin activating
regulator.
2016), and Arabidopsis (Field & Osbourn 2008); and for momilactone diterpenes in rice (Shimura
et al. 2007). Plant BGCs also comprise the enzymes necessary to produce specialized metabo-
lites from common (primary) metabolite substrates (Nützmann et al. 2018).However, unlike their
prokaryotic and fungal counterparts, plant BGCs typically do not include pathway-specific TFs
or transporters. Indeed, with the exception of a vacuolar transporter for the cyanogenic glycoside
dhurrin in Sorghum (Darbani et al. 2016), no other TFs or transporters have so far been found
embedded in plant BGCs. Instead, regulation of plant BGC genes relies on TFs located outside
of the BGCs. For instance, the AP2/ERF TF GLYCOALKALOIDMETABOLISM 9 (GAME9)
coordinately regulates the SGA BGC genes in tomato (Cárdenas et al. 2016), and the bZIP TF
OsTGAP1 controls expression of the rice momilactone BGC genes (Okada et al. 2009). Notably,
however, these TFs are often organized in clusters themselves, typically in tandem repeats of du-
plicated genes, such as the AP2/ERFs that regulate both constitutive and JA-induced biosynthesis
of nicotine in tobacco (Shoji et al. 2010),TIA inCatharanthus (Paul et al. 2017), and SGA in tomato
(Figure 3c) (Abdelkareem et al. 2019), as well as the MYB TFs that regulate anthocyanin biosyn-
thesis in carrot (Iorizzo et al. 2019).
Divergence between the networks that drive specialized metabolism in plants and unicellular
organisms may not be surprising, given their differing evolutionary origins. Indeed, horizontal
gene transfer is considered the predominant mechanism for BGC inheritance in prokaryotes and
fungi, whereas in plants gene duplication is the main driver of specializedmetabolism and eventual
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BGC formation. Gene duplications relieve selective pressure, allowing one copy to accumulate
mutations and eventually acquire a new function. If this happen to TFs, new nuances in functions
may emerge, such as different preferences for assembly in multimeric TF complexes or binding
of DNA elements, or different stabilities, spatiotemporal expression patterns, or responsiveness to
specific stimuli. Epigenetic regulation by chromatin-remodeling factors may be implicated in the
biosynthesis of the thalianin triterpenes inArabidopsis (Nützmann&Osbourn 2015,Yu et al. 2016).
Whether the latter is reminiscent of the well-studied transcriptional and epigenetic regulatory
mechanisms of BGC expression in fungi (Keller 2019) remains to be determined. Taken together,
however, the general mechanistic principles of specialized metabolism regulation may in fact not
be that different between prokaryotes, fungi, and plants. In the former, the genes encoding the
pathway enzymes, transporters, and TFs are coordinately regulated due to the BGC organization
and their epigenetic control by TF complexes and chromatin modifiers (Keller 2019). In plants,
enzymes, transporters, and TFs involved in one particular pathway are also typically coregulated,
despite being dispersed over the genome. This control is often exerted by one or a limited set
of TFs. Such coordinated regulation of enzyme-encoding genes has already been demonstrated
for genes encoding anthocyanin and alkaloid transporters in various plant species (Brkljacic &
Grotewold 2017, Goossens 2015, Morita et al. 2009, Schweizer et al. 2018, Zhao & Dixon 2009).
Likewise, TFs themselves are coregulated with the enzymes and transporters, often as part of
amplification loops that boost specialized metabolite production in stress conditions (De Geyter
et al. 2012, Shoji 2019, Zhou & Memelink 2016). As exemplified by the regulation by the MBW
complex and MYC bHLH TFs, the association between TFs and histone-modifying enzymes,
together with the close proximity of functionally related loci (see Sections 2 and 3), can effectively
coordinate transcription by epigenetic marking of large chromosomal segments with scattered
biosynthetic genes, and in plants also.
5. POSTTRANSLATIONAL MODIFICATION OF PROTEINS
As discussed in the previous sections, the onset of specialized metabolite production is heavily
regulated at the transcriptional level.Nevertheless, discrepancies between transcription and trans-
lation of specific loci or between transcript levels and corresponding protein activities frequently
hamper our full understanding of the regulatory dynamics of metabolic processes. Advances in
proteomic techniques are shedding new light on the importance of protein translation, modifi-
cation, and activity in the governing of metabolic processes. Modulation of protein stability and
activity occurs mainly through posttranslational modifications (PTMs) that can regulate folding,
subcellular localization, interaction with ligands or other proteins, or catalytic activity, among
others. PTMs can include proteolytic cleavage; the addition of chemical groups on specific amino
acids (e.g., acetylation, methylation, or phosphorylation); and covalent binding of (poly)peptides
(e.g., ubiquitination or sumoylation), (poly)saccharides (glycosylation), or hydrophobic molecules
(prenylation). Generally, PTM-mediated tuning of protein activities enables instant responses to
cellular signals that supersede the speed of a transcription/translation–based response, hence their
relevance for the regulation of metabolic networks. In primary metabolism, the significance of
PTMs for enzyme activity has been elaborately demonstrated, for instance in the biosynthesis
of terpene precursors (Hemmerlin 2013). Although the occurrence of PTMs in plant specialized
metabolism has received relatively limited attention to date, here we highlight some relevant cases
to support the existence of combinatorial control of specialized metabolism beyond transcription.
The enzyme PHENYLALANINE AMMONIA-LYASE (PAL), which catalyzes the first com-
mitted step in the biosynthesis of plant phenolic compounds, is an excellent example (Zhang &
Liu 2015). In all plants studied so far, the PAL enzyme exists as a heterotetramer composed of
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isoforms encoded by a multigene family. At the transcriptional level, expression of the PAL iso-
forms is regulated by the action of several TFs in response to multiple environmental and de-
velopmental stimuli (Zhang & Liu 2015). At the protein level, PAL enzymes are subject to sev-
eral types of PTMs (Zhang & Liu 2015). In Arabidopsis, the PAL isozymes can interact with and
be ubiquitinated by Kelch repeat F-box (KFB) proteins that thereby mediate their proteolytic
turnover (Zhang et al. 2013). Such KFB proteins also mediate ubiquitination and degradation of
CHALCONE SYNTHASE, another enzyme located further downstream in the phenolic path-
way (Zhang et al. 2017). Phosphorylation of PAL has also been reported, but the physiological
relevance of this PTM for PAL activity is still to be determined (Zhang & Liu 2015). In contrast,
for 5-HYDROXYCONIFERALDEHYDEO-METHYLTRANSFERASE 2, involved in mono-
lignol biosynthesis in poplar stems, phosphorylation has been established as an on/off switch for
enzyme activity (Wang et al. 2015). Finally, PAL activity is also feedback-inhibited by its own
product, trans-cinnamic acid, as well as by derivatives thereof (Zhang & Liu 2015).More research
in genetics, biochemistry, and structural biology is still needed to detail the molecular mechanisms
underlying all these PTMs and feedback regulations.
Proper compartmentalization of enzymes is often achieved through PTMs. For instance, pro-
tein prenylation occurs in the endoplasmic reticulum (ER), where hydrophobic prenyl chains can
be bound to cysteine residues, typically on the C-terminal end of the protein (Hála & Žárský
2019). This modification can increase protein affinity for membrane lipids or mediate hydropho-
bic protein–protein interactions. For instance, farnesylation of Arabidopsis P450 enzymes involved
in brassinosteroid biosynthesis is required for both localization on the ER membranes and en-
zyme functionality (Northey et al. 2016). Though no other examples of prenylation of specialized
metabolic enzymes are known to date, the lipid addition plausibly enables hydrophilic proteins to
work at the interface with membrane lipids, which may be particularly relevant for enzymes that
process membrane-embedded hydrophobic substrates such as sterols and other terpenes.
PTMs are also crucial for control of the levels and activities of regulatory proteins. As exempli-
fied by the R2R3-MYBTFs in theMBWcomplex controlling anthocyanin biosynthesis orMYC2
in the JA-mediated response, ubiquitination can either directly target key regulatory TFs ( Jung
et al. 2015, Maier et al. 2013, Wang et al. 2018) and regulate their stability or indirectly regulate
their activity by controlling degradation of associated repressor proteins such as the JAZs. Like-
wise, phosphorylation can affect the activities of several members of the MBW complex (Li et al.
2016, 2018). Numerous TFs involved in the JA response are also subjected to phosphorylation,
including Arabidopsis MYC2, which can be phosphorylated and consequently destabilized by the
FERONIA receptor kinase (Guo et al. 2018a, Zhai et al. 2013). A JA-modulated phosphorylation
cascade is also involved in modifying bHLH and AP2/ERF TF activity in the regulation of ex-
pression of alkaloid biosynthesis genes in tobacco andCatharanthus (De Boer et al. 2011, Paul et al.
2017), though the exact molecular link between the discovered MAP kinases and the TFs needs
to be authenticated. In addition, the role of sumoylation in the regulation of plant metabolism has
recently attracted attention. Studies in Arabidopsis revealed that hundreds of proteins can be tar-
gets of SUMO-conjugating enzymes (Rytz et al. 2018), including the E3 ubiquitin ligase COP1.
Sumoylation of COP1 by the Arabidopsis SUMO E3 ligase SIZ1 is stimulated by light and en-
hances its ubiquitination activity (Deng et al. 2016). In apple, the MBW R2R3-MYB TF MYB1
can directly interact with and be sumoylated by SIZ1, which enhances MYB1 stability and antho-
cyanin accumulation (Zhou et al. 2017). Recent studies revealed that sumoylation is also involved
in the modulation of JA-mediated defense responses. JAZ proteins are targeted by SUMO E3
ligases, and the resulting sumoylated JAZ proteins can directly bind COI1 even in the absence of
bioactive JAs, thereby impeding the F-box protein frommediating canonical JAZ degradation and
preventing the release of JA-responsive TFs (Srivastava et al. 2018). Although it is still not clear
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if sumoylation can modify the interactions between the JAZs and their target TFs, it implies an
alternative way to regulate JA signaling in response to pathogens or herbivores. In addition, the
corepressor TPL and the TPL-related proteins can be sumoylated by SIZ1, resulting in reduced
interaction with histone deacetylases (Niu et al. 2019) and hence providing another way in which
this PTM can tweak plant defense responses and specialized metabolism.
6. CONCLUDING REMARKS AND PERSPECTIVES
Fifteen years ago, Facchini and colleagues (2004) were puzzled by the occurrence of alkaloid
biosynthetic gene homologs in theArabidopsis genome and wondered whether this tiny weed could
make complex alkaloids. To date, no alkaloids have been found in Arabidopsis, but the wealth and
diversity of otherArabidopsis specialized metabolites discovered so far are astonishing (Huang et al.
2019, Malinovsky et al. 2017, Rajniak et al. 2015). Plausibly, such elaborate metabolic networks
mandate the coevolution of similarly elaborate regulatory networks. In this review, we therefore
intended to provide a broad overview of our current insights into the hierarchical and combina-
torial control of plant specialized metabolism by attempting to cover all regulatory mechanisms
known to date, including regulation at the epigenetic, transcriptional, translational, posttransla-
tional, and molecular interaction (protein–DNA, protein–protein, and protein–metabolite) levels.
In parallel, we rationalized the need for these multilevel combinatorial control mechanisms by
framing them within an eco-evo-devo setting. Though our knowledge is expanding at a rapid
pace and novel paradigms are regularly emerging, our overall insights into the regulation of plant
metabolism may still be fragmentary. Indeed, when looking at mechanistic principles in the reg-
ulation of growth, development, and primary metabolism of plants or other organisms, one can
easily imagine that combinatorial control of plant specialized metabolism may encompass more
levels than those described here. Below, we speculate on a few possible missing links that may be
resolved in the near future through emerging cutting-edge technologies.
Transcriptome technologies served marvelously to enable the discovery of novel genes en-
coding enzymes, transporters, and regulators involved in plant specialized metabolism (Goossens
2015). Overall, however, they fell short in deciphering one important aspect of plant specialized
metabolism: the cell-specific expression of manymetabolic pathways. Indeed, perhaps with the ex-
ception of trichomes,which are relatively easy to isolate, transcriptome analysis in plant specialized
metabolism has not yet reached the single-cell level. Thanks to the current boom in single-cell
sequencing technologies, this obstacle is likely to be fixed soon. For instance, combined high-
throughput single-cell sequencing of transcriptomes by RNA-Seq and chromatin accessibility by
methods such as SNARE-Seq (Chen et al. 2019a) may resolve why particular cells produce par-
ticular metabolites while others do not. A recent study on the root-specific cytokinin inducibility
of the thalianin triterpene pathway in Arabidopsis suggests it is a combinatorial event involving at
least cell-specific TFs and chromatin accessibility (Potter et al. 2018). Likewise, our insights are
expected to further benefit from more comprehensive mappings of “omes,” as exemplified by a
recent survey of the epigenome to the translatome of Arabidopsis seedlings in response to hypoxia
and reoxygenation via several chromatin and RNA assays (Lee & Bailey-Serres 2019). This survey
revealed that multilevel nuclear regulation of both nucleosomes and the synthesis, accumulation,
and translation of transcripts tailors stress responses.
Along these lines, upstream open reading frames (uORFs) provide another potential regula-
tory level in plant metabolism. The presence of uORFs can affect protein abundance by modulat-
ing transcript levels and/or translation of the main protein (von Arnim et al. 2014). uORFs have
frequently been encountered as crucial determinants in the regulation of primary metabolism,
with the general amino acid control in yeast a well-characterized example (Hinnebusch 2005). A
few cases are known in plants, for instance in the regulation of sucrose, polyamine, and ascorbate
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biosynthesis, in which uORFs regulate expression of enzymes or TFs (Laing et al. 2015, von Arnim
et al. 2014, Wiese et al. 2004). However, no roles for uORFs in the regulation of plant special-
ized metabolism have been reported so far. Again, this possible gap might be addressed by novel
omics technologies. Recent surveys of the Arabidopsis translatome by Ribo-Seq and other pro-
teogenomics methods uncovered numerous hitherto unannotated protein start sites, noncanonical
translation events, uORFs, and other small ORFs (Hsu et al. 2016, Willems et al. 2017).
Finally, regulation through uORFs, which often involves sensing of primary metabolites, takes
us to a scarcely explored area in the field of plant specialized metabolism: Can these specialized
metabolites directly modulate gene expression or enzyme activity? Feedback inhibition is a form
of allosteric regulation that has evolved as a mechanism to control pathway enzymes’ activities by
substrates, intermediates, or end products, and has been widely reported in primary metabolism.
Only a few cases of feedback inhibition of enzymes involved in plant specialized metabolism have
been reported so far (Robin et al. 2016), but likely many remain to be discovered. Likewise, virtu-
ally nothing is known about metabolite-sensing TFs in specialized metabolism, even beyond the
plant kingdom. Nonetheless, nature has evolved exquisite sensor TFs in the prokaryotic world
to perceive primary metabolites. Synthetic biologists are successfully exploiting such metabolite-
responsive TFs as biosensors to rewire metabolic networks and thereby boost metabolite produc-
tivity (Liu et al. 2015,Wan et al. 2019, Xu 2017). A recent systematic identification of metabolites
controlling gene expression in E. coli by an integrated transcriptomics and metabolomics approach
revealed an astonishing number of metabolism–transcription interactions, many of which were
previously unknown, that drive transitions between physiological states (Lempp et al. 2019), illus-
trating the limited exploration of this field.
Another interesting consideration, which comes from the animal field, is the ability of
metabolic enzymes to regulate transcription.Human fructose-1,6-bisphosphatase controls a rate-
limiting step in gluconeogenesis and also directly interacts with and inhibits hypoxia-inducible
TFs, thereby repressing the expression of tumor genes (Li et al. 2014). Given that several plant
enzymes also show nuclear localization, which is sometimes linked to an already established reg-
ulatory role (Bross et al. 2017, Rolland et al. 2006), more moonlighting regulatory activities un-
doubtedly remain to be unveiled. The pursuit of plant metabolite sensors is certainly expected
to benefit from advances in proteomics technologies, which may well enable detecting less abun-
dant or membrane-bound proteins or deciphering the protein–metabolite interactome. Some of
the most promising novel techniques in this regard are proximity labeling by TurboID (Mair et al.
2019), limited proteolysis, and cellular thermal shift assay coupled to mass spectrometry (Dai et al.
2019, Piazza et al. 2018). The possibility that plant specialized metabolites can be sensed and tran-
scriptionally trigger their own biosynthesis has been supported oncemore in one of our own recent
studies, in which biosynthesis of the volatile methyl anthranilate was found to instigate a positive
amplification loop on biosynthetic gene expression (Pollier et al. 2019). Such positive amplifica-
tion and negative feedback loops seem to be a norm rather than an exception in the regulation of
plant specialized metabolism; hence, discovery of sensing machineries is imminent. Sensing sys-
tems may not reflect another level in the combinatorial control of specialized metabolism but may
alternatively expose new signaling pathways or physiological roles that may be more conserved in
the plant kingdom than imagined so far. Thanks to the promising and powerful technologies cur-
rently being developed, exciting times await us in the field of plant specialized metabolism.
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